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Reversibly, non-covalent bound surface coating 

Technical Field 

The present invention relates to layered surfaces and more particularly to a 
surface coating. 
Background 

5 Molecular recognition and functional group complementarity are essential in 

the design and preparation of chemical or biological sensors, ^ affinity chromato- 
graphic supports 2 or in the build-up of organized supramolecular structures.^ New 
approaches to introduce molecular selectivity in these areas are thus of potential 
interest. 

1 0 In this context organic thin films, formed by molecular self assembly, are 

presently being extensively studied. ^ These can be prepared by the classical 
Langmuir Blodgett (LB) technique whereby a surfactant monolayer formed at the air 
water interface are transferred onto a solid flat surface, or by spontaneous sorption of 
an active surfactant onto a flat solid surface directly from solution. These processes 

1 5 lead to organized layers where the surfactants are held together by strong lateral 
interactions and stabilized by terminal covalent or polar bonds to the surface. 
Chemical Sensors 

As model systems for chemical sensors the above-mentioned organic films 
present a number of advantages: 
20 1) The high degree of order attainable in such systems allows a good control of 

the surface properties (polarity, hydrophobicity, acidity etc.) so that adsorption of a 
certain class of compounds can be either minimized (nonspecific protein adsorption) 
or maximized.^ 

2) A number of signal transduction techniques are available (based on i.e. opti- 
25 cal. electrochemical or microgravimetric measuring principles) allowing real time 

observation of surface processes. ^ 

3) Small sensing elements can be prepared using the lithographic technology 
available in the preparation of IC:s. Miniaturisation is an important factor in sensor 
design. 

30 4) Surfaces can be rationally designed whereby analyte specific ligands or 

hosts are incorporated into the layers. This allows specific molecular recognition that 
can be monitored in real time, 6,7,8. 
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Simple chemical strategies to introduce selectivity are desirable from the 
aspects of stability and ease of preparation. Kunitake et al ^ demonstrated that self- 
assembled guanidinium amphiphiles at the air water interface could be used for 
selective adsorption of adenosine-phosphates. The binding of ATP was believed to 
5 involve three guanidinium groups bound by hydrogenbonded ion pairs to the phos- 
phate groups of ATP. Transferring these layers by Langmuir-Blodgett techniques to a 
solid surface was suggested as a possible approach to sensor fabrication for phosphate 
biomolecules. However the limited stability of LB films are often a problem. The use 
of stable chemisorbed monolayers on flat surfaces is therefore becoming more im- 

1 0 portant due to inherent advantages such as stability, ease or fabrication, order and 
miniaturization possibilities. Of these, particularly SAM:s formed by chemisorption 
of thiols on gold surfaces^ have been extensively studied. Exposing a Au (111) 
surface to a dilute aikylthiol solution results in rapid formation of a hexagonally 
packed all trans alkyl layer characterized by stable gold-sulphur bonds and a tilt angle 

1 5 between the gold surface and the alkyl chains of approximately 30"^. A number of 
different functionalities can be chosen. In the fabrication of analyte selective inter- 
faces the coatings are often irreversibly anchored to the sensor interface preventing 
regeneration of the coating. In the case of strongly bound analytes this may limit the 
reusability of the surface. Chemically selective coatings that can be reversibly 

20 attached to a sensor interface would in this context be of interest. 
Multilavered structures 

Multilayers with ordered stmctures are presently the focus of intense research 
due to emerging applications in optoelectronics (telecommunications), molecular 
electronics and chemical sensing. ^^^^ These can be achieved by incorporating func- 

25 tional units (dipoles, donor acceptor pairs, chromophores) into the hydrophobic part 
of the amphiphile. Due to stability problems of the resulting multilayers new alter- 
native techniques need to be developed. The spontaneous self-assembly strategy is 
becoming increasingly popular. In this, usually two biofunctional building blocks, 
complementary to each other, are repeatedly allowed to self-assemble on a solid 

30 substrate. In one such system. Decher et al described a strategy for multilayer forma- 
tion based on consecutive adsorption of alternately charged bolaamphiphiles (amphi- 
philes containing two terminal polar groups) and polyelectrolytes. ' This allows 
build-up of multiple layers with a total thickness of up to a few thousand A thus 
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giving the films bulklike properties. Furthermore these properties are ideal for non- 
linear optics since such a film would allow stable noncentrosymmetric orientation of 
polarizable dipoles. One goal in the construction of these films is to reduce the inter- 
layer spacing and thereby to achieve a higher density of the functional units. Unfor- 
5 tunately this has a destabilizing influence on the formed layers. The building blocks 
(amphiphiles) are in these instances therefore larger than 30 A. Systems based on 
strong directed headgroup interactions would allow smaller amphiphiles to be used. 
Gene analysis 

Routine gene analysis rely on the detection of specific DNA or RNA se- 

10 quences present in minute amounts in a complex mixture. The current analytical 

methods usually involve time-consuming labelling and separation steps. ^ ^ and have 
therefore become a bottleneck in areas that depend on rapid DNA sequencing (i.e. 
HUGO, forensic analysis, diagnostics). Alternative methods for direct rapid se- 
quencing are therefore being developed. These often involve the use of presynthesized 

1 5 probe oligonucleotides capable of hybridizing specifically to the sequence of interest. 
12 An attractive approach is the direct monitoring (i.e. by optical, electrochemical or 
gravimetrical signal transduction) of the hybridization event using the probes attached 
to a solid surface (Figure 3). Particularly intriuging is the combination of these 
methods with microlithography allowing the preparation of arrays of different probe 

20 sequences that each would represent a separate sensing element. In the above- 
mentioned systems however the probe is usually covalently linked to the support 
requiring additional chemical steps. Techniques for reversible attachment of the probe 
to the surface would be attractive for a rapid scanning of the hybridization properties 
of a large number of probes towards a certain target DNA, 

25 Protein adsorption 

The behaviour of proteins at interfaces and in particular at the solid/liquid 
interface is of outmost importance in determining the processes taking place upon 
contacting a surface with a biological fluid. Therefore, knowledge of the type of 
proteins adsorbed and their structure (conformation) is a field of intense research 

30 within the areas of implant integration, blood compatibility and dental plaque for- 
mation. A key issue is to be able to selectively adsorb the "right proteins" in the 
desired conformation/orientation. Apart from var>'ing solution conditions the major 
tool in this process is to tailor the surface with respect to functionality (type of groups 
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and density). Techniques for quick and convenient control of these parameters would 
be a very useful instrument in order to optimize surface with respect to the above- 
mentioned applications. Similar considerations also applies for surface modification 
with respect to immobilization of enzymes for sensor applications. 
5 The present invention 

The present invention provides a surface coating, characterized in that it com- 
prises an amphiphile reversibly bound to a substrate by noncovalent interaction. 

According to preferred embodiments: 

The amphiphile is bound to the substrate by polar interaction between cationic 
1 0 groups of the amphiphile and anionic groups of the substrate; 

The polar interaction between the amphiphile and substrate is pH dependent; 

The amphiphile is a bolaamphiphiie; 

The amphiphile is selected from amidines; 

The amphiphile is selected from bisbenzamidines; 
1 5 The amphiphile is pentamidine; 

The surface coating is used in chemical separation and analysis; 

The surface coating is used in electronis; and 

The surface coating is used in optoelectronics. 

In a particularly preferred embodiment the amphiphile is a so-called bolaam- 
20 phiphile (an amphiphile having two polar groups connected by a nonpolar linking 
group) selected from bisbenzamidines, preferably having a linking group with about 
2-14 carbon atoms and particularly pentamidine, where one of the positively charged 
polar amidinium groups is reversebly bound to a negatively charged group, preferably 
a carboxylic group of a substrate by polar interaction. The reversibility of the binding 
25 of the amphiphile to the substrate is pH dependent and related to the pK- value of the 
acidic groups on the substrate. Usually this pK -value lies in the range from about 2 to 
about 6 and is about 4.5 for carboxylic acid. In the specific case of amidines, such as 
pentaamidine, bound to a substrate with carboxylic groups this means that substan- 
tially all of the amphiphile (amidine) is bound to the substrate at a pH of about 7-8.5 
30 and -is released from the surface at a pH of about 3 or below. 

Generally, the present invention may be used inter alia in chemical separation 
and analysis, in electronics and in optoelectronics. By way of example some fields of 
use are: 
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Selective adsorption of biological molecules, such as phosphate biomolecules. 
Particularly, this selective adsorption may be used in chemical sensors and detector 
devices; Sensors based on e.g. enzymes linked to the surface in an active orienta- 
tion/conformation. Hereby the sensitivity/selectivity of the sensor could be optimized. 
5 The switching capacity could be utilized for quick regeneration or substitution of the 
type of immobilized enzyme for other target molecules; 

Enhancing or inhibiting the compatibility with biological materials, e.g. in- 
hibiting rejection in connection with surgery; enhancing the ingrowth of bone im- 
plants; 

10 As a dental coating for inhibiting plaque growth or to improve adhesion of 

dental restorative materials; 

As a matrix for binding phospholipids and provide models of biological 
membranes; 

Inhibiting the coagulation of blood by coating a surface in contact with blood 
1 5 in accordance with the invention so that it becomes compatible with the blood; 

Administration of drugs by providing the surface of a carrier with a coating 
according to the invention where the amphiphile binds the drug and the bond is pH 
dependent so that the drug is released in dependence of the pH; 

The invention may also be used to surface modify any administration vessel 
20 tubing or pump in order to minimize loss of active substance due to adsorption. 

Another field of use is chromatography, more particularly column chroma- 
tography where the column or its packing is coated with the surface coating according 
to the invention. The coating includes an amphiphile (or a substance bound to the 
amphiphile) with affinity to the substance to be separated by chromatography. The 
25 chromatography process could e.g. constitute a method for purification of con- 
taminated blood, where the contaminant is bound to the coating. As mentioned above, 
the affinity of the coating is preferably reversible and pH dependent so that the 
column can be easily regenerated; 

A further field of use is extraction of substances from fluids, such as gold from 
30 seawater by providing the amphiphile with affinity to the substance (gold). Again, the 
affinit)^ is preferably reversible (e.g. depending on the pH) so that the extraction 
device may be regenerated; 
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Still another field of use is the analysis of DNA sequences which will be de- 
scribed further below. 
Brief description of the drawings 

The invention will now be described in more detail with reference to the 
5 accompanying drawings, where: 

Figure I is a schematic illustration of reversibly selfassembled amphiphiles on 
a base surface; 

Figure 2 is a schematic illustration of a method of providing an acidic base 
surface, selfassembly of a dibasic amphiphile on the acidic base surface, and binding 

1 0 ATP to the amphiphile; and 

Figure 3 is a schematic illustration of a DNA-hybridization assay. 
This invention describes a modified surface and a surface modification 
technique based on reversibly selfassembled amphiphiles (Figure 1). The amphiphile, 
containing a polar head group (A), is able to strongly and reversibly interact by 

15 directed noncovalent bonds with an underlying surface leading to the formation of 

organized ordered layers. It can be equipped with another terminal functional group at 
the opposite end (B). The stability of the monolayer can be controlled by for instance 
the choice of pH in the medium. This allows a switch of the layer formation which 
can be used for rapid functionalization of a given surface. With a proper choice of B 

20 this approach can be used to design a surface with desirable properties for instance for 
molecular recognition, directed crystallizations, separations or for multilayer build-up. 
In the multilayer build-up, the strong head group interactions allows the use of smaller 
building blocks than those used so far. By using different head group regioisomers 
can we adjust the tilt angle of the amphiphile relative to the surface. Furthermore the 

25 thickness of the layers can be adjusted to the length of the amphiphile. These proper- 
ties are important in the above described optoelectronic applications. 

If the amphiphile is capable of binding to nucleic acids these may be incorpo- 
rated into the layer. For instance a dibasic DNA binding drug may selfassemble on an 
acidic surface (Figure 2). To this transformed surface are then added a single stranded 

30 probe oligonucleotide that are reversibly bound to the surface (Figure 3). By now 

adding a gene containing the target sequence an observable change in layer thickness 
will be observed. This process is further enhanced by the ability of such drugs to 
stabilize double stranded-DNA. After analysis the acidic surface is regenerated by 
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decreasing pH and the next analysis can then take place at high pH. For a given probe 
sequence this technique may also be used for the study of the interaction (base 
specificity) between various DNA binding drugs and ds-DNA. 

Changes in the surface coating layer, such as its thickness or weight may be 
5 detected by various techniques e,g. ellipsometry. Surface Plasmon Resonance (SPR), 
quart microbalance technique (QCM), or electrochemical detection methods (e.g. 
impedance). 

The invention will be described in more detail giving a number of nonrestrict- 
ing examples. 

10 

Example 1 

Gold electrodes modified with mercaptoundecanoic acid were prepared by 
sorption of the thiol from a 1 mM solution of mercaptoundecanoic acid in ethanol for 
at least 12 h followed by rinsing with ethanol and drying under a nitrogen stream. In 

15 this way a Base surface with carboxylic groups was prepared. This process w^as fol- 
lowed ellipsometrically (Rudolf thin-film ellipsometer 43603-200 E using an angle of 
incidence of 68"* and a HeNe laser light source, k = 633 nm). giving a thickness 
increase of 1 3 A indicating the formation of a well packed dense monolayer. At pH 
8.5 addition of a 2.5 mM aqueous solution of the dibasic drug Pentamidine (PAM) in 

20 presence of the modified electrode produced a 20 % decrease in the measured double 
layer capacitance and a thickness increase of ca 21 A. This indicates formation of a 
second well packed monolayer on top of the acid layer (PAM-surface). Addition of 
adenosine-triphosphate (ATP) to the PAM-surface gave an additional thickness 
increase of ca 1 5 A. Addition of Adenosine-monophosphate gave no increase in the 

25 film thickness (see Figure 2). 

Example 2 

The PAM-surface described in Example 1 can be removed by lowering the pH 
to 3 whereby the thickness decreases corresponding to the PAM layer thickness. By 
30 again increasing pH the thickness increases to the original value indicating a revers- 
ible layer formation. No increase in film thickness is seen when adding ATP or AMP 
at low pH. 
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Example 3 

Gold electrodes modified with mercaptopropionic acid were prepared by sorp- 
tion of the thiols from an ethanol solution (Base surface). At pH 8.5 addition of the 
dibasic drug Pentamidine (PAM) in presence of the modified electrode produced a 
5 thickness increase of 13 A. This indicates formation of a second monolayer on top of 
the acid layer (PAM-surface), Addition of adenosine-triphosphate (ATP) to the PAM- 
surface gave an additional thickness increase of ca. 20 A. Addition of Adenosine- 
monophosphate gave no increase in the film thickness. 

10 Example 4 

The PAM-surfaces prepared for instance as in Example 1 and 3 can be used for 
molecular recognition of other phosphate containing molecules (NAD cofactors. oligo- 
nucleotides, nucleotide-triphosphates, inositolphosphate, phosphoproteins etc.). For 
instance addition of inositoltetraphosphate gave an additional thickness increase of 20 A 
15 whereas inositoldiphosphate only gave a thickness increase of ca. 10 A. Phosphorylated 
proteins can be analyzed in this way. 



Example 5 

The layer thickness can be adjusted to the size of the amphiphile. For instance in 
20 the serie ethamidine (18 A), pentamidine (21 A), octamidine (26 A) were the measured 
thicknesses close to the molecular size. 



Example 6 

The PAM surfaces such as those described in Example 1 and 3 are able to bind 
25 oligonucleotides giving larger thickness increases (Figure 3). An oligonucleotide con- 
taining 10 bases gave thus a thickness increase of up to 30 A. This layer thickness is 
zero at pH 2 and reproduced after a return of the pH to pH 8.5. 



Example 7 

30 - By adding a gene, containing a sequence of nucleotide bases that is to be de- 

tected, to the complementary probe modified surface described in Example 5, a decrease 
in layer thickness was observed (Figure 3). This was only observed when the probe and 
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the gene were fully complementary. Thus using a probe containing one or several mis- 
matches to the target sequence, an continuing increase in layer thickness was observed. 

Example 8 

5 Surface according to Example 1 but where the amphiphile is the aromatic 

bisamidine ethamidine. This surface gave a smaller thickness increase when adding an 
oligonucleotide. 

Example 9 

1 0 Use of the technique for the build-up of DNA multilayers. Using octamidine and 

a 10 mer of thymidine a total thickness of 80 A was observed. 

Example 10 

Gold electrodes modified with mercaptohexadecanoic acid (MHA) were pre- 
1 5 pared by adsorption of the thiols from ethanol solution. Addition of decamidine 

(DAM) to this surface produced an ellipsometrically determined increase in thickness 
of 50 A. 

Adsorption of the positively net charged protein lysozyme at pH 7.8 followed 
20 by rinsing with pure borate buffer caused an additional increase by 30 A. The corre- 
sponding increase in thickness upon adsorption to the pure MHA surface was 55-60 A. 

For comparison, adsorption of the negatively net charged protein fibrinogen at 
pH 8.8 gave thickness increases after adsorption and buffer rinsing of 75 A to the 
MHA-DAM surface and 48 A to the pure MHA surface. 
25 Thus, the affinity of the above surface coating of the invention (in comparison to 

the unmodified MHA surface) is different for different proteins, and higher for 
fibrinogen than for lysozyme. 
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CLAIMS 

1 . A surface coating, characterized in that it comprises an 
5 amphiphile reversibly bound to a substrate by noncovalent interaction. 

2. A surface coating according to claim 1, wherein the amphiphile is reversibly 
bound to the substrate by polar interaction between cationic groups of the amphiphile 
and anionic groups of the substrate. 

3. A surface coating according to claim 2, wherein the polar interaction 
1 0 between the amphiphile and the substrate is pH dependent. 

4. A surface coating according to anyone of the preceding claims, wherein the 
amphiphile is a bola amphiphile. 

5. A surface coating according to anyone of the preceding claims, wherein the 
amphiphile is selected from amidines. 

15 6. A surface coating according to claim 5, wherein the amphiphile is selected 

from bisbenzamidines. 

7. A surface coating according to claim 6, wherein the amphiphile is penta- 
midine. 

8. The use of a surface coating according to anyone of the preceding claims in 
20 chemical separation and analysis. 

9. The use of a surface coating according to anyone of claims 1-7 in elec- 
tronics. 

10. The use of a surface coating according to anyone of claims 1-7 in opto- 
electronics. 
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